Non-radiation hardened P-channel and N-channel MOS transistors were irradiated with Co-60 gamma rays, 0.5 to 22 MeV protons, and 1 to 7 MeV electrons to determine the correlation between the gamma rays and the charged particles. Comparison of electrons to Co-60 showed that for equal absorbed doses, the damage produced was equivalent for all bias conditions. Under zero gate bias conditions, 2 to 22 MeV protons also produced damage in the test devices that was equivalent to Co-60. However, under bias conditions for high drain-source currents, the damage for protons below 22 MeV was always less than Co-60 (the lower the proton energy, the less the damage). The 0.5 MeV proton data showed poor correlation with Co-60 results. No dose-rate dependence was observed in the data. We conclude that, for the silicon MOS devices tested, the radiation damage produced by Co-60 provided a worst case simulation of high energy electron or proton damage.
Introduction
For years, investigators performing radiation tests on MOS components destined for use in space systems have relied primarily on Co-60 generated gamma rays to simulate the natural space radiation environment. A possible problem with this simulation method is that the natural space radiation environment consists mainly of high energy protons and electrons, and not Co-60 gamma rays. As a result, some scientists doubted that the radiation effects produced by laboratory gamma rays in MOS devices were equivalent to those produced by protons or electrons. Attempts to resolve this problem in the past have produced mixed results [1] [2] [3] [4] . The Air Force Weapons Laboratory (AFWL) is conducting in-house research to help answer this question; this paper presents results of the first phase of this effort.
Test Procedures
The objective of this investigation was to measure the radiation-induced failure responses of discrete MOSFETs when exposed to gamma rays and high energy protons and electrons; then, from the results, determine the existing correlation between the gamma rays and the charged particles.
To accomplish this task, non-radiation hardened Intersil 3N161 P-channel and 3N171 N-channel discrete MOSFETs (from single manufacturing runs) were delidded and irradiated head-on with Co-60 gamma rays, 0 .5 to 22 MeV protons, and 1 to 7 MeV electrons. After exposure to specified levels of radiation (under various gate and drain-source bias conditions), the transistors' I-V characteristics were measured and recorded "in situ", and the gate threshold voltages were then computed using ASTM techniques. The samples remained in the test-cell (with the radiation removed) during the characterizations. Turn [7] .
Damage comparisons between Co-60 and the different energy protons, recorded under bias conditions with high drain-source currents, are presented in Figures 4 and 5. These plots show that the damage produced by the protons at energies below 22 MeV is less than Co-60. They also show the proton damage, when plotted in dose, is directly proportional with energy. That is, the higher energy protons were more damaging than the lower energy protons.
Comprehensive plots comparing the overall damage of Co-60 against protons with energies ranging from t r o n s a t b o t h 0 a n d 4 5 d e g r e e angles-of-incidence. The damage induced in the test samples from the 12 MeV protons was greater at 45 degrees than at 0 degrees. The electron damage at both angles was equivalent. That is, for equal absorbed doses, the 5 MeV electrons incident on the devices at 0 and 45 degrees produced the same Vth shifts. Similar results were obtained on the P-channel devices.
Discussion
Faraday cup dosimetry was chosen for use in the proton and the electron irradiations for its high sensitivity, accuracy and adaptability and for its ability to determine particle flux, fluence and dose from basic physics measurements. Unlike other types of dosimetry such as Thermoluminescent Detectors (TLDs), the Faraday cup does not have to be calibrated in each radiation environment against another dosimeter system. TLDs respond differently to dissimilar types of radiation [10] ; as a result, before they can be used as dosimeters, they must be calibrated in each radiation specie. This secondary process only increases the probability of error. For this reason, TLDs were never used as the primary dosimeter in this effort. Calorimeters were also considered, but were rejected because of their lack of sensitivity and slow response times to low doses of radiation delivered in rapid and continuous pulses, as occurred in the electron-beam irradiations.
The results of the investigation were in partial agreement with previously published results [1, 3] . The consensus involved the damage response data from low energy protons. All results showed that the damage per unit dose, produced by the protons in the MOS devices under bias, increased as the proton energy increased. Also, the damage in the biased parts from protons (below 10 MeV) was always less than that from Co-60. Finally, the damage in the biased devices was greater for 45 degree incidence protons than it was for 0 degrees. There was, however, disagreement in the electron-beam results. Results from references 1 For the electron-beam exposures, the ionization in a gate oxide is similar to that produced by Co-60. That is, the generated electron hole pairs are distributed in an isotropic manner throughout the oxide. The result is no change in the radiation damage for different field angles.
Conclusions
For the MOS devices tested, the radiation damage induced from Co-60 was always greater than, or equal to, the damage produced by 2 to 22 MeV protons or 1 to 7 MeV electrons under all bias conditions. The damage induced in the test devices from 1 to 7 MeV electrons correlated directly with Co-60, regardless of device bias. A direct correlation also existed for 2 to 22 MeV protons and Co-60, but only under zero bias or grounded conditions. Under bias conditions, however, the damage induced by the protons never exceeded that of Co-60, but varied directly with increasing beam energy and with the electric field across the gate-oxide. This confirms that proton damage in MOS devices is bias and energy dependent. Therefore, for the type of MOS devices tested, Co-60 irradiations are a reliable worst case simulation for the natural space radiation environment. 
